The most frequent type of hereditary colorectal cancer, the one occurring in the setting of the Lynch syndrome (LS) is considered a phenotypic manifestation of a germline defect in the mismatch repair mechanism i.e. in the MLH1, MSH2, MSH6 or PMS2 gene. Aiming towards establishment of a standardized protocol involving molecular analyses for diagnosis of this syndrome and developing a unique national register of families with hereditary colorectal cancer syndromes in the Republic of Macedonia, we began a prospective study to reveal the genetic defects among Macedonian patients with colorectal cancer (CRC) and identifying families with hereditary CRC.
Introduction
The most frequent hereditary form of colorectal cancer (CRC), responsible for 2-4% of all CRC cases (Aaltonen, 1998; Jasperson, 2010) is the hereditary nonpolyposis colorectal cancer-HNPCC, later renamed to Lynch syndrome (LS). The autosomal dominant pattern of inheritance and penetrance of 85-90% are important features of this syndrome which is characterized by development of cancers at an early age (45 years on average), predominantly located proximally to flexura lienalis (70%), frequent presentation of multiple synchronous or metachronous CRCs as well as an increased risk for extracolonic malignancies affecting the endometrium, ovaries, gaster, intestines, hepatobiliary tract, pancreas, brain and the upper urinary tract (Watson and Lynch, 1994; Aarnio et al., 1999) , but some families present with breast cancers also (Risinger et al., 1996) . The molecular definition of the Lynch Syndrome implies germline mutations in any of the mismatch repair (MMR) genes responsible for the basepair mismatch reparation during DNA replication as: MLH1 and MSH2 carrying almost 90% of the mutations, MSH6 holding 10% of the genetic defects and rare mutations in EPCAM and PMS2.
The initial criteria for the establishment of a clinical diagnosis of LS, the so called Amsterdam I and II criteria (Vasen et al., 1991 and are based on the familial cancer history, but the revised Bethesda criteria for genetic testing for LS (Umar et al., 2004) are more sensitive and enable identification of LS cases resulting from de novo MMR genetic defects.
Approximately ten to fifteen percent of individuals with CRC and/or colorectal adenomas have diseased relatives (National Cancer Institute, 2012), but don't meet the criteria for clinical diagnosis of neither LS nor the syndrome of familial adenomatous polyposis. They are considered as cases with familial colorectal cancer (FCC), which might be caused by unidentified genetic factors, exposition of the family members to common environmental risk factors or by chance. Furthermore, families fulfilling the Amsterdam criteria for LS but lacking genetic MMR-defects i.e microsatellite instable tumors, are designated as familial colorectal cancer type X (FCC-X) (Jass, 2006; Mueller-Koch et al., 2005; Valle et al., 2007) . The risk for development of CRC is lower among these patients (Lindor et al., 2005) but if a malignant transformation eventually occurs, the diagnosis is usually established at an older age (55 years on average) in comparison to the LS. Further investigations are needed for their precise characterization, but it is quite obvious that tumors arising in FCC-X families feature a specific pathological phenotype with less tumor-infiltrating leukocytes versus typical LS tumors. (Llor et al., 2005) .
Currently, there aren't any officially published data on the incidence/prevalence of LS in the Republic of Macedonia and there isn't a unique national register of patients/ families with any of the hereditary colon cancer syndromes, which seriously obstruct the investigation and characterization of this type of hereditary cancer in our country and disable appropriate prevention/treatment. Hence, we began a prospective study to aid the establishment of standardized protocols involving molecular analyses for clinical diagnosis of the Lynch syndrome in our country.
Materials and methods
From a total of 403 randomly selected patients undergoing colectomy for resection of histopathologically confirmed CRC at the University Clinic for Digestive Surgery in Skopje, a cohort of 53 cases was selected based on fulfillment of the Bethesda clinical criteria for MSI testing and compared to a group of 350 cases with sporadic CRC. Detailed personal and familial history as well as relevant information on dietary and life-style habits were obtained by the responsible clinicians.
The molecular analyses were performed on samples of peripheral blood and fresh tumor tissues obtained by the surgical resection of the cancer. The DNA was isolated using Proteinase K digestion/ phenol-chloroform-isoamylalcohol extraction/ethanol precipitation, according to standard procedures (Sambrook et al., 1989) .
The evaluation of the microsatellite instability was performed by a fluorescent multiplex PCR reaction employing the Bethesda five marker panel (Rodrigues-Bigas et al., 1997; Boland et al., 1998) , followed by capillary gel electrophoresis and fragment analysis on the Applied Biosystems' genetic analyzer AbiPrism310.
All microsatellite instable cancers were evaluated for their MLH1-promoter methylation status using methylation-specific quantitative PCR reaction following a bisulfite DNA-conversion (Xiong and Laird, 1997) and tested for the BRAF V600E mutation (Davies et al., 2002) , while the corresponding blood DNA samples were screened for large genomic deletions/duplications using the Multiplex Ligation-Dependant Probe Amplification (MLPA) kit reagents from MRC-Holland (Amsterdam, Netherlands) according to the procedure first described by Schouten et al. (2002) Patients having microsatellite instable cancers without hypermethylated MLH1-promoters and BRAFV600E mutation, lacking large genomic defects but fulfilling the Bethesda criteria for MSI testing, were subjected to bidirectional sequencing of the MLH1 and MSH2 genes using the Applied Biosystems' BigDye Terminator v1.1 Cycle sequencing kit and subsequent sequencing analysis on the AbiPRism310.
For detection of an aberrant mRNA transcript we performed a Reverse transcription-polymerase chain reaction (RT-PCR) using the GeneAmp RNA PCR kit (Life technologies, Califormia, USA) on peripheral mononuclear RNA obtained by the acidic guanidine-phenol-chlorophorm extraction (Chomczynski and Sacchi, 1987) .
The detailed conditions for the above reactions and the oligonucleotide sequences of the employed primers are available upon request.
Results and Discussion
The studied group was comprised of 53 younger patients diagnosed with "Bethesda +"colorectal cancer at an average age of 50 years and progressed mainly to clinical stage B or C. Ovarial, gastic, brain but also breast, hepatic and gall bladder malignancies were identified among the patients or their relatives. Three of these patients were previously diagnosed with endometrial cancer, which is considered one of the commonest extracolonic malignancies in LS, apart from the ovarial cancer (Cruz-Correa and Giardiello, 2002) .
The genetic profile of the cancers within this patient group features high frequency of microsatellite instabili-ty (30%). The comparison with the sporadic CRC cases (Table 1 ) reveals significant differences in age at diagnosis (p=0.04), involvement of microsatellite instability (p<0.0001) and tumor localization in respect to flexura lienalis (p=0.009) so that, MSI is 3.99 times more frequently present than MSS in cancers of LS suspects and they develop 2.19 times more frequently in proximal than distal colon, compared to cancers of sporadic cases. These findings comply with the common definitions of the Lynch Sy (Watson and Lynch, 1994; Aarnio et al., 1999) , but the published data state an MSI-involvement in 90% of these cancers. The lower frequency (30%) of MSI detected in our cohort, suggests that a significant proportion of these patients are not actually LS-cases but cases with FCC-X. These patients might be having the hereditary syndrome recently proposed by Valle et al. (2007) , which is considered a separate entity from LS, featuring MSS tumors, development of colorectal but not other cancers and absence of multiple primary tumors. The vast majority of the hereditary cancers in our group suggest an existence of a yet unidentified gene, being responsible for the development of syndrome, but lacking the MMR activity.
Aiming towards an establishment of a national register of families with hereditary CRC syndromes in our country, we created an interactive computer database of CRC cases, available for access and use by the involved clinicians and laboratory investigators. Additionally, we designed a protocol for molecular confirmation of the LS among clinical suspects for the disease.
The algorithm for detection of MMR defects employed in our study was based on unselective MSI-testing of all CRCs, which had been proven as a cost effective approach in identification of individuals at an increased risk for LS (Palomaki et al., 2009) , with a 93% sensitivity for identification of tumors resulting from MMR-mutations (Shia, 2008) . This type of genetic instability was identified among 11% of all CRCs. A total of 53 patients with "Bethesda+"tumors were subjected to MSI testing. Somatic changes as MMR-promoter hypermethylation and the BRAFV600E mutation are considered as strong negative predictors of MMR-deficiency (Parsons et al., 2012; Bouzourene et al., 2010; Bellizzi and Frankel, 2009) We reported previously (Hiljadnikova-Bajro, 2012) the first molecular characterization of the Lynch Syndrome in the Republic of Macedonia by the identification of the nonsense MLH1 c.392C>G mutation in two seemingly unrelated patients, and suspecting its founder effect suggested screening of all LS suspects from the region for this mutation by a Restriction Fragment Length Polymorphismtest. Using this approach, we later identified another patient with the same mutation, who has distant familial relationship with one of the abovementioned index patients but wasn't included in the genetic counseling of the patient's family. This case highlights the necessity of presenting a thorough familial history by the patients and in case of identification of a LS patient, genetic counseling of all relatives at risk of cancer development in order to prevent or timely treat it.
Using the MLPA analysis, we detected quantitative changes at either single or multiple nonsuccessive exons in several patients, but these isolated changes probably result from variations within the probes's hybridization loci on the tested DNA leading to impaired hybridization and consequently decreased amplification of the corresponding fragments. But, in one pediatric patient, we detected a large deletion in MLH1 targeting exons 3 through 12 (Fig.  1) . The patient is an adolescent boy, diagnosed with two metasynchronous cancers of the transversal and sigmoid colon of stage IIa at the age of 15 and 16 years respectively. The molecular analyses revealed a microsatellite instable character of the cancers, but only one of them was suitable for BRAF and MLH1-hypermethylation testing and scored negative for the BRAF V600E mutation but exerted a high degree of MLH1-promoter methylation. Exploring the familial history of the disease, we concluded that the MLH1-genetic defect is most probably inherited from the mother, who was diagnosed with endometrial cancer few years ago. Genetic testing of the mother was offered and if performed in future, it should confirm or exclude this hypothesis. On the other hand, somatic MLH1 promoter hypermethylation is associated with sporadic cases of MSI CRCs, opening a possibility though minor for different etiologies of the two cancers diagnosed in this patient: the first which is currently unavailable for promoter hypermethylaton-testing might be having a hereditary basis, and the other one with hyper- Fig. 1 . MLPA-detection of the MLH1 del.ex 3-12 mutation in a patient with the Lynch Syndrome (b) in comparison to a control DNA sample (a).
methylated MLH1 promoter could be a sporadic one. But, if MSI and MLH1 promoter hypermethylation are present in both tumors and the genetic testing of the mother confirms the hereditary character of the disease, we might get a strong argument against the hypothesis that somatic promoter hypermethylation of MLH1-gene promoter excludes the Lynch Syndrome diagnosis.
The DNA sequencing-analysis identified a patient with a point DNA-change on the fourteenth intron of MLH1: IVS14-19A>G (Fig.2) , located in the splicing branch site region. This change hasn't been reported in the Human Genome Mutation database (HGMD) as a cause for the Lynch Sy so far. In order to determine the potential impact of this alteration on the posttranscriptional mRNA processing and the existence of an alternative splicing mechanism that would cause production of an aberrant transcript differing in size from the wild type, we performed a RT-PCR reaction on peripheral leukocytes' RNA to achieve reverse transcription and amplification of the investigated region. The obtained DNA-fragment was analyzed by electrophoresis on a 10% polyacrilamide gel. According to the results presented on the electrophoregram (Fig. 3) , we didn't detect an aberrant mRNA-transcript differing in size from the 192bp-long fragments identified among the two wildtype RNA samples. Still, this result doesn't completely exclude the hypothesis for existence of an alternative splicing mechanism due to the IVS14-19A>G mutation. Namely, aberrant mRNA transcripts longer by 17, 19 or 20bp than the wild type ones, might be degraded by the mechanism of nonsense mediated decay and hense become unidentifiable by this test. Therefore, additional functional tests are warranted to confirm/exclude the deleterious effect of this alteration.
In one patient diagnosed with two metachronous CRCs by the age of 40, burdened with a heavy familial history of cancer, we identified a germline genetic alteration on the fourth MLH1 intron: IVS4+65A>C (Fig.4) which hasn't been previously reported to be involved in the LS, and considering its location within the gene doesn't appear to have a pathological impact. Further genetic testing of MSH6, EPCAM and PMS2 might confirm the LS-association of this cancer or classify it among the FCC-X type CRCs. We detected the novel missense mutation MLH1 c.244A>G, p.T82A in one patient diagnosed with a cancer of the ascending colon at an age of 40, whose mother was also diseased with an early onset CRC. This genetic change leads to a substitution of the polar aminoacid Threonine with the hydrophobic aminoacid Alanine, probably causing а pathogenic effect similar to the c.245C>T mutation already reported in the HGMD.
In 7/8 patients (87.5%), we detected the c.655A>G point mutation in the eighth exon of MLH1 (Fig.5) causing synthesis of a polypeptide with a substitution of Iseleucine with Valine at position 219 (p.Ile219Val). One of these patients holds this genetic variant in a homozygous form, the remaining are being heterozygous. This genetic variation has been previously reported as a polymorphism in the general population (Liu, 1995) , but Tomlinson and his col- laborators (Tomlinson et al., 1997) suggest that this change with a frequency of 1% should be treated as a low penetrant mutation for development of CRC. The Ile219Val change is located in a conserved region of the eighth MLH1 exon, hence it is quite rational to expect its impact on development of pathological consequences. According to the functional analyses performed so far, the products of the wild-type and polymorphic allele poses similar DNAreparative activity (Trojan et al., 2002; Raevaara et al., 2005) , but these tests do not address the stability of the proteins which also might be a cause for their impaired activity. Evidence indicating that this change is not totally be- nign exist. Some of them even suggesting it to be a predictor of a high mutation frequency haplotype (Hutter et al., 2000 (Hutter et al., , 2002 . Furthermore, homozygosity for this variation is associated with reduced expression of the MLH1 protein in sporadic CRCs in Korea (Kim et al., 2004) . According to several published studies (Berndt et al., 2007; Yu et al., 2006) , Ile219Val is not associated with colonic cancers itself, but the western diet modifies this association in a way that 219 Val/Val genotype in patients on a western diet (red overroasted meat, fast food, eggs, full-fat dairy products, refined cereals and sugar) is associated with a two-fold increased risk for CRC development in comparison to individuals of the Ile/Ile genotype avoiding the western diet (Campbell, 2009) . Additionally, the Ile219Val variant is associated with 5 times higher risk of ulcerative colitis (Bagnoli et al., 2004) which is a risk factor for CRC development itself.
Conclusions
The molecular profiling of LS among patients with CRC from the Republic of Macedonia has identified the causative deletion MLH1 del.ex3-12 and the novel, possibly founder, nonsense mutation MLH1 c.392C>G and suggests plausible involvement of the c.244A>G missense mutation, the intronic changes: IVS14-19A>G and IVS4+65A>C as well as the Ile219Val genetic variant within MLH1 in the development of this syndrome. The vast majority of the clinically suspected LS patients are most probably cases with the hereditary syndrome recently proposed by Valle, or cases with a familial cancer of unknown etiology. Focusing the further genetic analyses on these patients might reveal new genes with high or low penetrance for development of colorectal cancer.
